Background. This study tested the circulatory effectiveness of post-trauma administration of a large intravascular volume expander, hydroxyethyl starch 130/0.4 (HES), vs standard lactated Ringer's solution (RL).
After trauma, expansion of the circulating blood volume aims to preserve, or to restore, circulatory stability and tissue oxygenation. Regularly, a modest blood loss is compensated by the administration of a crystalloid, eventually supplemented by a colloid, to restore the intravascular volume. With administration of the colloid hydroxyethyl starch 130/ 0.4 (HES), the intravascular volume expansion effect corresponds to the administered volume and it may exceed that volume by osmotic-dependent absorption of interstitial fluid. 1 Conversely, the intravascular volume expansion effect of the crystalloid lactated Ringer's solution (RL) may be as low as $25% with fluid dispersing to the interstitium. 2 3 However, the intravascular volume expansion effect of RL is larger during anaesthesia 4 or haemorrhage. 5 We evaluated whether HES would provide better cardiovascular stability than LR within a time frame that would allow for surgical intervention. The hypothesis was that HES would be superior to RL in providing cardiovascular stability because of its larger intravascular expansion effect.
Methods
The experiment was approved by The Danish Ministry of Justice and performed on 14 domesticated pigs aged [3] [4] months [31 (4) kg; mean (SD)] with an estimated blood volume of 2.3 (0.2) litre (0.16Âkg 0.78 ). 6 The animals were provided by a commercial breeder and housed for 1 week before experimentation during which they were fed daily and had free access to water, although food was withheld for 12 h before the experiment. At the end of the experiment, surviving pigs were euthanized with mebumal.
Anaesthesia and instrumentation
Anaesthesia was induced with midazolam (0.1 ml kg 21 , i.m.) and Zoletil 50 vet (0.1 ml kg 21 , i.m.). After the loss of response to pinching the snout and ear, the animals were orally intubated and ventilated with 2.5 litre of oxygen and 0.5 litre of atmospheric air adjusted to an arterial oxygen tension (Pa O 2 ) .13 kPa and a carbon dioxide tension (Pa CO 2 ) of $5 kPa. Anaesthesia was maintained with propofol (1.5 ml kg 21 h
21
) and fentanyl (1 ml kg 21 h 21 ) until the animal exsanguinated or was euthanized.
After induction of anaesthesia, baby-feeding tubes (Unoplast, Rødovre, Denmark) were placed by incision in the right external jugular vein for fluid administration and the left femoral artery for recording of mean arterial pressure (MAP) and blood sampling. A catheter (93A-783H-7.5F; Baxter Healthcare Corporation, Edwards Critical-Care Division, Irvine, CA, USA) was positioned in the pulmonary artery via the left external jugular vein for central venous pressure, pulmonary arterial mean pressure, and blood sampling via the pulmonary port. ECG electrodes were placed after shaving and cleaning the skin.
Cardiovascular and blood variables
Blood pressures were measured using Uniflow transducers (Baxter Healthcare Corporation) and heart rate (HR) was calculated from the ECG on a Hewlett Packard monitoring system (Agilent Component Monitoring System; Vicare Medical, Birkerød, Denmark). Cardiac output (CO) was determined as the average after triplicate injections of 10 ml of ice-cooled isotonic glucose. CO and blood temperature were displayed (SAT-2 TM ; Baxter Healthcare Corporation) and measured at baseline and after trauma at 10 min intervals.
Arterial and venous blood (1 ml; PICO50; Radiometer, Copenhagen, Denmark) were sampled and immediately analysed at baseline and after trauma at 10 min intervals for oxygen saturation, Pa O 2 , Pa CO 2 , ionized calcium, lactate, bicarbonate, haemoglobin (Hb), pH, and standard base excess using ABL605 and OSM 3 Hemoximeter apparatus (Radiometer). Oxygen delivery (DO 2 ) and uptake (VO 2 ) were calculated at baseline and after trauma at 10 min intervals. 7 
Trauma
The animals were laparotomized along the abdominal midline, positioned on the right side, and covered with a blanket. The liver was mobilized with the left lateral liver lobe positioned extra-abdominally and covered by a plastic bag without compromising liver perfusion. After 30 min, baseline values were obtained and after a further 10 min, the liver injury was inflicted on the left lateral lobe to equal a Grade III liver trauma. 8 A 3 cmÂ3 cm triangular crush and avulsion injury was inflicted at the caudal part of the liver 5 cm from the apex. The number of 1 -3 mm diameter severed blood vessels was detected histologically. Blood was collected by suction from the bag surrounding the liver into a series of containers hanging from a custom-built force transducer. The transducer signal was amplified (Scout55; Hottinger Baldwin Messtechnik GmbH, Germany) and recorded on a computer.
Volume administration
Volume administration was directed to simulate that of a trauma patient 9 and, therefore, delayed 7 min to mimic the time claimed to reach a trauma patient in the Copenhagen area and divided into three consecutive phases, reflecting increasing i.v. access by placement of additional eventually larger-sized cannulae. Initial support included the administration of either HES or RL (Fresenius Kabi, Sweden) in randomized order: Phase 1 (P1), 0.7 ml kg 21 min 21 for 10 min and Phase 2 (P2), 1.65 ml kg 21 min 21 for 20 min. In both groups, Phase 3 (P3) was by HES according to the blood loss and aimed to stabilize the intravascular volume. P3 continued until termination of the trial, that is, until death, haemostasis, or 127 min after the trauma. This time was predetermined to be adequate for definitive surgery to be initiated. The fluids were administered at ambient temperature (22 -258C).
Coagulation competence
To evaluate coagulation competence, $3 ml of venous blood for Thrombelastography w (TEG w ; 5000; Haemoscope Corporation, Nils, IL, USA) was sampled in tubes containing citrate (9NC; BD Vacutainer; Becton & Dickinson, UK) from 10 pigs. Furthermore, a blood sample was obtained 7 min after the liver trauma to evaluate whether the blood loss affected coagulation competence. Within 35 min, 1 ml of citrate stabilized blood was activated by kaolin and 340 ml was added to a cup with 20 ml 0.2 M CaCl 2 and analysed at 378C for reaction time until initial fibrin formation (R), rate of clot formation (a-angle), and maximal amplitude reflecting clot strength (MA). Clot formation was followed until 30 min after MA was reached, typically for 60 min.
Data collection and statistical analyses
Haemostasis was defined as a bleeding rate ,1 ml min 21 and death was considered when similar MAP, PAMP, and CVP manifested. The intravascular volume expansion effects of HES and RL after the initial fluid administration (P1 and P2) were calculated as the ratio between haemodilution (D Hb ) and the estimated haemodilution relative to a 100% intravascular volume expansion effect ( 
Results
Baseline values were largely similar among the two groups of pigs ( Table 1 ). The trauma severed 1.4 (0.6) of 1-3 mm blood vessels and after 7 min, the blood loss was similar for the two groups [194 (155) ml for the HES group and 174 (104) ml for the RL group], but the total blood loss was 2455 (1919) ml for the HES group vs 311 (208) ml for the RL group (P,0.01; Fig. 1 ). Haemodilution after initial fluid resuscitation was 53 (21)% for the HES group and 26 (9)% for the RL group (P,0.05). The volume of HES and RL administered at 37 min was 1518 (691) and 1136 (48) ml which corresponded to an intravascular volume expansion of 115 (25)% and 76 (21)% (P,0.05), respectively. The experiment lasted for 82 (28) min for the HES group vs 47 (45) min for the RL group (P,0.05). This reflected that six of seven pigs ceased bleeding during the administration of RL.
CO and HR did not significantly change after trauma, but both decreased before death of the pig (Fig. 1) . MAP had decreased by 19 (13) mm Hg (P,0.01) and did not recover with either treatment. After initial administration of HES, DO 2 and VO 2 were $400 and $180 ml min 21 , respectively, and by the end of P3, values were reduced by $50% (Fig. 2) . In pigs initially treated with RL, DO 2 decreased from 730 (258) to 551 (236) ml min 21 after the trauma and stabilized at $600 ml min 21 . VO 2 was maintained at $250 ml min 21 for the pigs that achieved haemostasis and decreased to $200 ml min 21 in pigs that continued to bleed. At the end of the trial, blood temperature was reduced to 34 -358C for the pigs provided with .3 litre of HES, whereas it was maintained at $388C in the other pigs.
After 7 min, there was no effect of a reduction in the estimated blood volume by 12 (5)% on coagulation competence (Table 2) .
Discussion
This study found that during haemorrhage, RL had an intravascular volume expansion effect of $75%, whereas for HES it was $115%. In contrast to our hypothesis, however, the key finding was that initial administration of HES provoked uncontrolled haemorrhage in four of seven pigs and decreased VO 2 in all pigs, whereas initial administration of RL resulted in large attenuations of the blood loss and maintenance of VO 2 in three of seven pigs. Thus, only the administration of RL allowed for cardiovascular 75 (4) 76 (4) stabilization for a duration considered necessary for definitive surgical treatment. The study intended to simulate a trauma scenario for a haemorrhagic patient with focus on pre-hospital fluid treatment where increasing i.v. access becomes possible as additional eventually larger-sized cannulae are placed. The 7 min delay for treatment was chosen since that is the reported response time for the trauma centre in Copenhagen and a liver injury was selected as the trauma because of its high mortality rate. 10 The type of fluid administered affected the bleeding rate. Four of seven pigs initially administered with HES developed uncontrollable haemorrhage, whereas for all pigs provided with RL, there was an attenuated blood loss. The uncontrolled haemorrhage provoked by HES may relate to the large intravascular expansion effect that may have caused an increase in the intravascular pressure and flow compared with RL. The risk of re-bleeding after an aortic injury increases with the volume of administered fluid and may relate to an increased probability of disrupting haemostatic plugs. 11 Although it is reported to have no or only little influence on coagulation competence, 1 HES may have a coagulopathic effect by interaction with platelets, coagulation factors, and fibrin polymers. 12 To distinguish between these factors, further experiments with the use of, for example, albumin are necessary. In contrast, RL is likely to enhance coagulation competence even during $30% haemodilution. 13 Also, blood temperature decreased in the pigs provided with a large fluid load and that may have contributed to the continued blood loss. 14 15 It is also possible that a difference in the induced trauma and the physiological state of the two groups of pigs could have influenced the outcome. However, it is unlikely that these differences can explain the large difference in bleeding rate. The HES group had a slightly higher initial blood loss (before fluid administration) than the RL group, and the two groups differed in baseline CO, Hb, and VO 2 . These differences may have become smaller with a larger sample size; the groups differed in bleeding rate so markedly such that further experimental animals would have been unlikely to affect the conclusion.
Current recommendations indicate that 3 ml of crystalloid is needed to replace 1 ml of blood loss, whereas colloids replace blood loss at a near 1:1 ratio. 16 However, the present data suggest that during haemorrhage, the intravascular volume expansion effect of RL is larger, in alignment with other evaluations during hypovolaemia. 5 Furthermore, administration of RL according to the 3:1 ratio may increase the risk of re-bleeding.
17
Trauma can be associated with hypercoagulability; 18 however, the TEG w evaluation indicated that coagulation competence was unaffected by a $12% blood loss. Pigs are procoagulant compared with humans 19 and have been made coagulopathic in some damage control studies. 20 21 Despite the highly effective coagulation system in the pig, HES provoked uncontrollable haemorrhage after a relatively mild liver injury. Thus, the present study supports the recommendation advocated by the Advanced Trauma Life Support w guideline involving the administration of crystalloids to trauma patients. In fact, continued haemorrhage during administration of HES required that the total volume of HES exceeded the advised maximal volume replacement in humans (50 ml kg 21 24 h
21
). 1 In summary, although HES provided effective support to the intravascular volume after a liver trauma in the pig, it also provoked uncontrolled haemorrhage. In contrast, the blood loss after initial administration of RL attenuated or ceased the blood loss. During haemorrhage, RL had an intravascular volume expansion effect of 75% rather than the often reported level of 30%. It remains to be established whether continued haemorrhage resulted from the large intravascular volume expansion effect of HES or whether it reflects an influence of HES on the coagulation system. However, delayed administration of HES did not appear to provoke uncontrolled haemorrhage. Thus, initial administration of RL rather than that of HES allowed for stabilization of the circulation and oxygen uptake within a time frame that was considered to allow for surgical intervention. 
